Microcrystalline silicon films were grown with different thicknesses and different hydrogen dilution ratios on glass and Si substrates. Some films were deposited with a seed layer, whereas others were deposited directly on the substrate. We used atomic force microscopy, scanning electron microscopy, and X-ray diffraction to study the morphology and crystalline structure of the samples. We did not find a significant influence of the different substrates on the morphology or crystalline structure. The presence of the seed layer enhanced the crystallization process, decreasing the amount of amorphous layer present in the films. The microstructure of most films was formed by grains, with a subgrain structure. Films grown with low values of dilution ratio had (220) texture and elongated grains, whereas films deposited with high values of dilution ratio were randomly oriented and had an irregular shape.
INTRODUCTION
Microcrystalline Si (peSi) has been receiving great interest lately for use in thin-film solar cells. Some attractive properties of this material are that it does not have the light-degradation problem observed in amorphous silicon (a-Si), and production costs are lower than for crystalline Si. Also, pc-Si can be doped p-or ntype [1, 2] , giving rise to complete devices (31. Because it has a smaller bandgap than a-Si, it absorbs part of the solar spectrum that is not absorbed by this material, and can be used in bSiipeSi tandem solar cells [4] . Nevertheless. before cells made with pc-Si can compete with more conventional solar cells, a better understanding of how the film properties correlate with growth parameters will have to be attained, as well as a better knowledge of the physics of the devices. For this work we chose hot-wire chemical vapor deposition (HWCVD) [5] because it allows the growth of good-quality films at higher deposition rates than other techniques, such as plasmaenhanced chemical vapor deposition. We report on the influence of the ratio between H2 and SiH4 (dilution ratio) during deposition on the properties of pc-Si. We also investigate the influence of film thickness and substrate, crystalline Si or glass, on the material properties. This latter subject is important because it is common practice to deposit poSi on different substrates. For instance, for Xray measurements the use of glass substrates may be more convenient, whereas for transmission electron microscopy the use of crystalline Si makes the process of sample preparation easier. To our knowledge. there is not much work relating the properties of this material with the use of different substrates. Furthermore, it has been shown before, for other materials, that the nucleation and growth processes can strongly depend on substrate 161. Finally, we study the effectiveness of a Si seed layer on the early crystallization of the films.
EXPERIMENTAL PROCEDURE
The pc-Si films were grown by HWCVD using two 0.5mm-diameter tungsten filaments. kept at 13 A (4850°C) each during deposition. The source of Si was silane (SiH$. which was diluted with hydrogen (Hz). The chamber pressure was 150 mTorr, and the initial substrate temperature was 400°C. The proximity of filaments and substrates resulted in a final substrate temperature that was 20'40°C higher than the initial temperature. The dilution ratio (sccm H2/ scan SiHS for samples deposited with a seed layer was equal to 14, whereas for samples deposited without a seed layer it was varied from 10 to 150. The 12-nm-thick pc-Si used as seed layer was grown with the following parameters: 100 dilution ratio (R). 400°C initial substrate temperature, 150 mTorr chamber pressure, and 13 A filament current. The films were deposited on 1737 Coming glass and (100) crystalline silicon, with a thickness that varied from 35 to 1700 nm. The analytical techniques employed in this work were: atomic force microscopy (AFM), using a Digital Instruments Dimension 3100 AFM, in tapping mode, to study the surface morphology, including grain shape and size. and roughness; scanning electron microscopy (SEM), using a JEOL 6320F field-emission SEM, to complement the AFM studies on film morphology, and for thickness measurements; X-ray diffraction (XRD), using a Scintag X I diffractometer. to study the crystalline structure of the films, including 8/28 mode, for the bulk, and grazing inddence mode (5" to 0.2'). for regions close to the surface.
RESULTS AND DISCUSSION

Atomic force microscopy
No major differences were observed on the morphology of the pc-Si films deposited on glass and Si substrate, including the RMS roughness values. This fact can be observed in Fig which is the case for most types of thin films. The roughness is mostly caused by the miaoaystalline phase (which may not be pure) on the surface. because the amorphous phase is much smoother. Fig. 2(a) shows the AFM image of a film with a mixture of amorphous and aystalline phase on the surface. The value of the roughness for the whole film, considering both phases, is 29 nm, whereas the roughness for the amorphous phase alone is 2 nm. An increase in R also increases the AFM images of (a) 1712-nm-thick poSi film deposited without seed layer, and (b) 1075-nm-thick pc-Si film deposited with seed layer. R is equal to 14 for both films.
0-7803-7471-1/02/$17.00 02002 IEEE roughness of films deposited with the same thickness, as observed in Fig. l(b) . It seems that the roughness is constant up to a value of R equal to 50, but more analysis will be necessary to confirm this. We find it interesting that the roughness values for films grown without seed layer at R equal to 100 are very similar to the ones for films grown with seed layer at R equal to 14. It has been Observed often, for different growth conditions. that an increase in dilution ratio increases the crystallinity of the film m. The presence of the seed layer probably enhances the nudeation of micmcrystals, compensating for a decrease in R, and, hence, resulting in a similar roughness. It is important to realize that although the effect on roughness is the same, the WO processes are completely different.
The use of a seed layer accelerates the nucleation of the crystalline phase, whereas an increase in R is related to etching of weak bonds [SI. slowing down the nudeation of the amorphous phase, and decreasing the deposition rate of the film as a whole, as shown in Fig. 3 . The effect of the seed layer can be observed by comparing Figs. 2(a) and 2(b). Although both films were deposited with the same value of R. the film deposited with a seed layer, despite being thinner, is completely covered by a crystaNine phase, while the film deposited without a seed layer shows the crystalline phase surrounded by an amorphous phase. At this point, it is important to mention that AFM analyzes only the surface of the film and cannot directly confirm the crystallinity of the features observed in the images. Also, the similarity in roughness for films grown with and without seed layer at very different hydrogen concentrations does not necessarily mean that they have similar bulk crystallinity. Indeed, it is unlikely that this is the case, because hydrogen is important not only during nucleation, but also during film growth. Seedless films deposited with a value of R equal to 100 showed a change in morphology with thickness. Thinner films (up to 300 nm) have round, small, grain-like features (subgrains), which start to agglomerate in larger grains for thicknesses above 500 nm. Although the roughness and the size of the large grains increase with thickness, the subgrains do not significantly grow, as shown in Fig. 4 . In the thicker films, some elongated grains begin to appear. The increase in grain size is the main reason for the increase in roughness with thickness. For a given thickness ( 4 2 5 0 nm), a decrease in R changes the grains shape from irregular to elongated (Figs. 4(b) and 4(c)). Nevertheless, both structures are still composed of smaller round subgrains, which roughly double in size as R varies from 25 to 100. As will be presented in the following, the shape of the grains is related to crystalline texture. The morphology of the films grown with seed layer also shows round subgrains, which agglomerates in larger grains for thicker films. These grains in turn grow as the thickness increases. The main difference in comparison to unseeded films is a much higher number of elongated grains, which is caused by the fact that these samples are grown with R equal to 14.
X-ray diffraction The X-ray diffraction analysis (0-20 mode) also showed similar results for the films deposited on Si and glass, which reinforces the AFM data. For this reason, and for simplicity, the grazing incidence analysis was done only on samples deposited on glass. 0-7803-7471-1/02/$17.00 02002 IEEE structure (JCPDS card no. 27-1402). The films deposited without seed layer and R equal to 100 did not have significant texture, and the intensity of the peaks decreased with the thickness until they disappeared for films under 60 nm. Grazing incidence XRD (GIXRD) showed that, although weak, there were still diffraction peaks in the XRD patterns for 59-and 35-nm-thick films. A careful analysis indicated that these films are mostly crystalline for thicknesses above 300 nm. while very thin films (40 nm) seem to have a significant fraction of amorphous phase (we did not deposit films with thickness between 60 and 300 nm). The XRD patterns of seedless films deposited with varying R is shown in Fig. 5 . The film deposited with R equal to 10 is mostly amorphous, which is confirmed by the AFM analysis. For R equal to 14 there is a striking change, and the film shows a crystalline phase with strong (220) texture. The texture is still present for R equal to 25, but to a lesser extent. Films grown with R equal to 50 and 100 are randomly oriented. A comparison of these results with the AFM data revealed that films with elongated-grain morphology (Fig. 2) have strong (220) texture, films with irregular-shape grain morphology (Fig. 4b ) are randomly oriented, and films with mixed morphology (Fig. 4c) have a not-=-strong (220) texture. These results indicate that R is the most important factor controlling the crystalline properties of the films.
Our analysis of the seeded films, all of them deposited with R equal to 14, confirmed the previous findings, because all the films had (220) texture.
Wlth the growth parameters used in this work, most films had enough crystalline material to provide diffraction peaks with reasonable intensity. A comparison between diffraction patterns of films deposited with and without seed layer (R equal to 14 and 100, respectively) indicated that the latter films have a larger fraction of crystalline phase, implying that the use of a seed layer may not be as effective as the AFM measurements may suggest. Although these techniques are not appropriate for this kind of analysis, preliminary results of Raman spectroscopy measurements corroborate these results. Raman spectroscopy and transmission electron microscopy are being used to study the crystallinity of these films, and the results will be published shortly.
CONCLUSIONS
The use of a very thin seed layer promotes the early deposition of a crystalline phase in p s i films, decreasing the amount of amorphous material present in the film. The morphology and crystalline sbllcture of the films are mostly controlled by the dilution ratio. Low values of R result in films with (220) texture and elongated grains. whereas large values of R result in randomly oriented films with irregular-shaped grains. The size of the grains, as well as film roughness, increases with thickness, and the grains are formed by a structure of subgrains. No significant differences were found on the properties of films grown on glass or Si substrates for the parameters used in this work. 
